Abstract: Avoiding collisions with other objects is one of the most basic safety tasks undertaken in the operation of floating vehicles. Addressing this challenge is essential, especially during unmanned vehicle navigation processes in autonomous missions. This paper provides an empirical analysis of the surface target detection possibilities in a water environment, which can be used for the future development of tracking and anti-collision systems for autonomous surface vehicles (ASV). The research focuses on identifying the detection ranges and the field of view for various surface targets. Typical objects that could be met in the water environment were analyzed, including a boat and floating objects. This study describes the challenges of implementing automotive radar sensors for anti-collision tasks in a water environment from the perspective of target detection with the application for small ASV performing tasks on the lake.
Introduction
Unmanned vehicle technology and surface robots have been rapidly developed over the past few years. These systems supersede previously used methods for exploring the underwater parts of the Earth. Trends in the development of unmanned systems point clearly towards the future execution of underwater tasks, including hydrographical surveys, using the direct nearness to the bottom by autonomous surface vehicles (ASVs). The use of ASVs can supplement or replace many hours of measurements conducted by teams of hydrographers, especially in remote areas. Nowadays ASVs are used in many scientific and commercial implementations. They can be met for example in the army for reconnaissance and combat purposes, they serve as research units providing information on various aspects of the aquatic environment, and as carriers of measuring equipment for the inventory of watercourses and reservoirs.
The main tasks and challenges for ASVs depend on the kind of mission performed. However, some of them are common for all approaches and can be treated as a basis for specialized tasks. Among these for sure is the navigation itself and mission control with the use of telemetry, as the most basic priority for ship navigation is its safety. The navigation process can be however understood variably in different applications. In some approaches and applications, like simultaneous localization and mapping (SLAM), the term navigation also means getting information about the surrounding area. Various sensors for this purpose can be employed like 3D laser scanners [1] . These aspects, generally referred to as navigation, can also be found for example in [2, 3] , where lidar is also used for navigation Remote Sens. 2019, 11, 1156 3 of 18 from the target. By controlling the direction in which radio waves are sent and received, it is possible to determine the distance, speed, and direction of the objects.
There are two basic methods for measuring distances using radar. The first is known as the direct propagation method, which measures the delay associated with receiving the reflected signal. The delay is correlated with the distance of the reflecting object depending on the speed of light and period and the transmission and reception of waves. The second method is known as the indirect propagation method. In the case of indirect propagation, a modulated frequency is sent and received, and the frequency difference can be used to directly determine the distance and relative velocity of the object. This requires controllable antennas that can be automatically routed or receive signals simultaneously from several different directions.
FMCW Radars
There are two types of automotive radars, pulse radar or radar with continuous wave. The latter is termed the frequency-modulated continuous-wave radar (FMCW). The pulse radar sends short pulses and determines the distance by measuring the delay time between the transmitted and feedback signal [12] . The FMCW radar continuously sends a linearly modulated signal and determines the distance based on the difference in the transmitted and received frequencies, as shown in Figure 1 .
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Measuring very short time periods in electronics is difficult, which means that building a good resolution pulse radar is very expensive. However, the resulting resolution is relatively precise, e.g., the FMCW radar can easily have a resolution of 0.5 m [14] .
Impulse radars are blind at short distances-for example, the 50-100 m in front of the radar is usually a blind spot. FMCW radars do not have this problem. However, for long-range targets, the pulse radar is better due to the narrower bandwidth and less noise.
In both methods, if the target is moving, the motion creates a Doppler shift in the frequency of the transmitted radar waves. This is an additional advantage for the impulse radar because it can also measure the relative target speed. In the FMCW radar, this is a problem because the distance is measured by measuring the frequency difference between the transmitted and received radar waves, and each additional frequency offset caused by the Doppler effect of the moving target "shifts" the measured distance of the object. To remedy this problem, FMCW radar systems use several different modulation schemes, including modulation with increasing frequency and frequency reduction. If these offsets are not alleviated by algorithms or have very fast frequency changes, this effect may cause the appearance of ghost targets on the FMCW radar [15] .
Automotive radars are divided into three categories-long-range radar (LRR), medium range radar (MRR), and short-range radar (SRR). LRR is used to measure the distance and speed of other vehicles, MRR is used in the wider field of view, and SRR is used to detect objects near the vehicle. Two main frequency bands are used in the automotive radar systems-24 GHz and 77 GHz [16, 17] . Measuring very short time periods in electronics is difficult, which means that building a good resolution pulse radar is very expensive. However, the resulting resolution is relatively precise, e.g., the FMCW radar can easily have a resolution of 0.5 m [14] .
Automotive radars are divided into three categories-long-range radar (LRR), medium range radar (MRR), and short-range radar (SRR). LRR is used to measure the distance and speed of other Downloaded from mostwiedzy.pl Remote Sens. 2019, 11, 1156 4 of 18 vehicles, MRR is used in the wider field of view, and SRR is used to detect objects near the vehicle. Two main frequency bands are used in the automotive radar systems-24 GHz and 77 GHz [16, 17] .
SRR for vehicles uses 24 GHz frequency because the band can detect objects at short and medium distances. A 24 GHz radar is also used to detect an object that can be obstructed or is located very close. Radar systems with the same repeatability can also be used to detect dead spots, which directly involves avoiding collisions. SRR sensors are not used to measure the angle of the detected objects and have a very wide side coverage. Usually, they are operated in pulse mode or in continuous wave mode. Small range radars require a controllable antenna with a large scan angle, creating a wide field of view [18] .
While difficult to implement, LRR uses the higher permitted transmission power (77 GHz) to obtain better performance. It is easier to develop 24 GHz bands, but more difficult to integrate such radars systems into the vehicle due to their larger size. In addition, these sensors work with the same performance as the 77 GHz radars but with three times larger antennas. Therefore, the 77 GHz radar is smaller and, in contrast to the 24 GHz radar, is easier to integrate with a vehicle at a lesser cost. An additional and undeniable advantage of the wider 77 GHz band is that it provides drivers with a better resolution of objects by providing greater accuracy. The detection and reaction to the presence of both large and small objects are possible due to the clever signal processing. In the case of LRR, a higher resolution is also provided for a more limited scanning range, which requires a larger number of directional antennas [16, 17] .
In the 77-81 GHz range, bandwidths up to 4 GHz are available, while the bandwidth available in the 24 GHz band is 200 MHz. The difference between the frequency of the signal emitted by the transmitter and the frequency of the received reflected signal is linearly dependent on the distance from the transmitter to the object. The accuracy of measuring this distance and resolution are important. The resolution is understood as the minimum distance between the objects so that they can be distinguished as different. The transition from 24 GHz to 77 GHz results in a 20 times better performance in terms of resolution and accuracy. The resolution of the 77 GHz radar range can reach 4 cm. For comparison, the 24 GHz radar achieves a resolution of 75 cm. Therefore, the advantage of the 77 GHz system is that it can detect objects that are at a short distance away from each other. Finally, the wavelength of 77 GHz signals is a third the frequency of the 24 GHz system, which enables significantly smaller modules in the spatially limited areas of the vehicle. The relative antenna sizes are shown in Figure 2 . SRR for vehicles uses 24 GHz frequency because the band can detect objects at short and medium distances. A 24 GHz radar is also used to detect an object that can be obstructed or is located very close. Radar systems with the same repeatability can also be used to detect dead spots, which directly involves avoiding collisions. SRR sensors are not used to measure the angle of the detected objects and have a very wide side coverage. Usually, they are operated in pulse mode or in continuous wave mode. Small range radars require a controllable antenna with a large scan angle, creating a wide field of view [18] .
In the 77-81 GHz range, bandwidths up to 4 GHz are available, while the bandwidth available in the 24 GHz band is 200 MHz. The difference between the frequency of the signal emitted by the transmitter and the frequency of the received reflected signal is linearly dependent on the distance from the transmitter to the object. The accuracy of measuring this distance and resolution are important. The resolution is understood as the minimum distance between the objects so that they can be distinguished as different. The transition from 24 GHz to 77 GHz results in a 20 times better performance in terms of resolution and accuracy. The resolution of the 77 GHz radar range can reach 4 cm. For comparison, the 24 GHz radar achieves a resolution of 75 cm. Therefore, the advantage of the 77 GHz system is that it can detect objects that are at a short distance away from each other. Finally, the wavelength of 77 GHz signals is a third the frequency of the 24 GHz system, which enables significantly smaller modules in the spatially limited areas of the vehicle. The relative antenna sizes are shown in Figure 2 . [19] . Figure 3 shows the range and width of coverage of SRR, MRR, and LRR. LRR can detect objects in a wide area and can cover a range from 10 to 150 m at a beam width of 10°. MRR can cover a range up to 50 m with a beam width of 30°. In contrast, SRR can be used to track objects within a distance of 20 m from the vehicle with a beam width of 60° [20] [21] [22] . 
Radar Used in this Study
The specifications of the radar used in this study are presented in Table 1 . It is a 3D UMRR 42HD automotive radar with a 24 GHz microwave sensor. The type 42 antenna has a wide field of view. The sensor is a 24 GHz 3D/UHD radar for motion management and is able to operate under adverse conditions, measuring in parallel parameters such as angle, radial speed, range, and reflectivity. It is usually used as a standalone radar for detecting approaching and receding motion. More details on the sensor used can be found in [23] . 
Sensors for ASV Autonomous Anti-collision
As it was said, the anti-collision systems in ASVs are part of the wider concept which aims to provide tools for the safe and reliable navigation of vessels. One of the key elements of such a systems are the sensors, which provide data about the environment for further processing.
Situation Awarness Systems for ASV
Previous research has addressed the various aspects of navigation of unmanned vehicles. Video data and LiDAR fusion are described in [24] . In [25] , an algorithm using LiDAR and a camera for detecting and tracking surface obstacles using the Kalman filter is presented. The legal aspects of ASV navigation, including anti-collision, are described in [26] . An approach using artificial neural networks (ANN) to solve the ASV anti-collision problem is presented in [27] [28] [29] , where ANN was used to control the autonomous robot. The 3D mobile (3D LiDAR) and GNSS applied to autonomous car navigation was presented in [30] .
One of a few attempts to use both radar and LiDAR in the navigation of mobile robots was described in [31] [32] [33] , which also highlighted new development directions for land mapping based on radar and LiDAR. An approach using radar and LiDAR fusion to detect obstacles was taken in [34] , an attempt to replace the radar with LiDAR was shown in [35] and the aspects of obstacle sensing by synthetic aperture radar interferometry was presented in [36] . An interesting approach of the anti-collision system for ASV is described in [37] in which the gathering of situational awareness relies on GPS and AIS.
Target detection in close range observation is very important to provide the next step in ASV navigation, which can be achieved by developing an advanced fast filter to track targets at a close range using automotive 3D radar. Neural solutions for radar target tracking by maritime navigation radar have been previously described by the authors of this study [38, 39] .
Anticollision Based on Radar Systems
As it was mentioned in the introduction, there are also several examples in literature of using radar target detection and tracking for the anti-collision of ASV. These examples can be found for example in [9] [10] [11] , but also in [40] in which the anti-collision system based on the sensors traditionally used on maritime ships is presented.
A radar sensor is a commonly used device for anti-collision at sea. Two kinds of solutions are used for the marine environment-X-band radars and S-band radars. Both of them have their advantages and disadvantages, however from the ASV point of view none of them are suitable. The reason for this is that they both require relatively large antennas to achieve reasonable resolution. Such antennas (of a few meters wide) cannot be mounted on the ASV, which are usually floating platforms of a few meters in length. On the other hand, the advantages of the radar technology and its usefulness for anti-collision purposes are hard to be overestimated. Radar waves are relatively resistant to environmental clutters and thus can be used in fog or even rainy conditions in which cameras and lidars are useless. Taking all this into account, as well as experience in radar data processing, we were looking for the possibilities of providing radar technology for anti-collision purposes in ASVs. Thus, an idea arose to use radars used in automotive applications for tracking and anti-collision in HydroDron. The main advantages of this proposed, novel solution are:
• Small antenna size (in comparison to marine and inland radars) • Good detection ranges (up to 300 m for big targets) in comparison to rangefinders • Better detection possibilities (in theory-to be checked empirically) in comparison to rangefinders • Wider antenna angle in comparison to rangefinders.
The innovative approach is however as always burdened with some risk. The important questions are-how will the 77 GHz radar deal with a water environment, how will surface targets be detected Downloaded from mostwiedzy.pl Remote Sens. 2019, 11, 1156 7 of 18 in this type of radar, what will the detection ranges be in this implementation, and what particular processing techniques will be useful for this radar in this particular implementation. The answers for these questions have to be found and for this reason suitable research is needed. In this study, the goal was to empirically verify the detection possibilities using automotive 3D radar in the water environment, as most previous research using these types of radar systems have been conducted in onshore conditions. The radar observations of various targets on the water were collected using a radar mounted on an ASV.
Methodology and Research
The research presented in this paper aimed at providing empirical verification of the automotive anti-collision radar for target detection in a water environment. For fulfilling this aim a set of research was designed with the use of empirical measurements and statistical data evaluation. The radar device was mounted on an ASV and it was used in real time in pre-planned scenarios (stationary and including movement of the platform). The data was recorded and in a later processing stage, statistically analyzed. This section provides a description of the research concept, scenarios, research equipment, and statistical data evaluation, while the results are given in the next section.
Research Concept and Scenarios
To collect robust measurements, useful for evaluation, the study first identified the detection possibilities and range for the objects that were typically in inland waters and then determined the empirical field of detection, which was verified with a declarative beam pattern.
The data was collected in two scenarios, as stationary research and on a moving platform. In both scenarios, the radar was mounted on the HydroDron ASV, which is described in more detail in the next section. The research was conducted on Klodno Lake in northern Poland. In the first part, the HydroDron was moored at the end of the wooden jetty and the targets were moved to provide observational data for various targets and to characterize their detection parameters (see Figure 4) . • Good detection ranges (up to 300 m for big targets) in comparison to rangefinders • Better detection possibilities (in theory-to be checked empirically) in comparison to rangefinders • Wider antenna angle in comparison to rangefinders.
The innovative approach is however as always burdened with some risk. The important questions are-how will the 77 GHz radar deal with a water environment, how will surface targets be detected in this type of radar, what will the detection ranges be in this implementation, and what particular processing techniques will be useful for this radar in this particular implementation. The answers for these questions have to be found and for this reason suitable research is needed. In this study, the goal was to empirically verify the detection possibilities using automotive 3D radar in the water environment, as most previous research using these types of radar systems have been conducted in onshore conditions. The radar observations of various targets on the water were collected using a radar mounted on an ASV.
Methodology and Research
Research Concept and Scenarios
The data was collected in two scenarios, as stationary research and on a moving platform. In both scenarios, the radar was mounted on the HydroDron ASV, which is described in more detail in the next section. The research was conducted on Klodno Lake in northern Poland. In the first part, the HydroDron was moored at the end of the wooden jetty and the targets were moved to provide observational data for various targets and to characterize their detection parameters (see Figure 4) . The targets used in the first scenario are presented in Figure 5 , including an airtoy (dragon), lifebuoy, small boat fender, swans, and a radar reflector. These targets were selected as typical objects The targets used in the first scenario are presented in Figure 5 , including an airtoy (dragon), lifebuoy, small boat fender, swans, and a radar reflector. These targets were selected as typical objects that could act as obstacles on the water surface. The initial research undertaken for the moving ASV has shown that the detection ranges were small for most of these targets. Therefore, better characterizing their detection in the stationary scenario was deemed important. Additionally, detection of the floating radar reflector was tested to determine if the shape of the target had an influence on detection. It has to Downloaded from mostwiedzy.pl
be pointed out that even such small objects can damage or impair valuable devices carried on board the ASV or the vehicle itself.
The second scenario was performed with a moving ASV and one target, a moving inflatable boat (Figure 6 ), as an example of a typical collision target on inland waters.
The goal of the second scenario was to analyze and characterize the detection while the target was moving in a typical way. The scenario was divided into three stages, corresponding to IMO Collision Regulations-head-on, crossing, and overtaking. During crossing and overtaking, different ranges were tested to obtain complex information regarding the angle of view. In general, more than 40,000 single radar measurements were collected and analyzed, representing 5 head-on, 11 crossing, and 10 overtaking situations.
Additionally, detection of the floating radar reflector was tested to determine if the shape of the target had an influence on detection. It has to be pointed out that even such small objects can damage or impair valuable devices carried on board the ASV or the vehicle itself. The second scenario was performed with a moving ASV and one target, a moving inflatable boat (Figure 6 ), as an example of a typical collision target on inland waters.
The goal of the second scenario was to analyze and characterize the detection while the target was moving in a typical way. The scenario was divided into three stages, corresponding to IMO Collision Regulations-head-on, crossing, and overtaking. During crossing and overtaking, different ranges were tested to obtain complex information regarding the angle of view. In general, more than 40 000 single radar measurements were collected and analyzed, representing 5 head-on, 11 crossing, and 10 overtaking situations. 
Research Equipment and Configuration
In this study, the autonomous anti-collision system for the HydroDron was an automotive radar sensor, a type 42 UMRR automotive 3DHD radar with a 24 GHz microwave sensor. The radar sensor was mounted on the unmanned surface vehicle HydroDron.
The HydroDron is an autonomous catamaran, 4 m long and 2 m wide, which is being developed as a prototype intelligent autonomous multipurpose surface vehicle dedicated to hydrographic 
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Research Equipment and Configuration
The HydroDron is an autonomous catamaran, 4 m long and 2 m wide, which is being developed as a prototype intelligent autonomous multipurpose surface vehicle dedicated to hydrographic measurements. The HydroDron can perform tasks in water areas that are inaccessible or difficult to access by larger vessels. The popularity of this type of vehicle is continually increasing because of its potential to install more sensors and perform surveys in the absence of an onboard operator. The weight and maneuverability of the vehicle have been reduced to meet the objectives of its deployment. The platform has a wide range of measuring equipment-an integrated bathymetric and sonar system, an external inertial navigation system, a sound velocity profiler and sound velocity sensor, a GPS receiver, a high-frequency single-beam echosounder, a single-beam dual-frequency echosounder, two cameras, LiDAR, and a UMRR 0C Type 42 radar.
One individual sensor (3D/UHD 24 GHz radar) is employed for traffic management, simultaneously measuring many parameters, such as angle, radial velocity, range, reflection coefficient, and the entire series of motionless and motion reflector parameters. It is possible to detect many reflectors that are simultaneously in the field of view; as many as 256 targets can be detected at once. This number can be halved depending on the selected communication interface. Sorting of these reflectors is based on the range; if more than 128 targets are detected, then short-range targets are reported first. The radar is suitable for determining the speed and lighting in red light, and the sensor can be used in approaching or in receding traffic mode [19] . Figure 7 shows the radar mounted on the HydroDron platform with sensors, including the rotating and stationary camera, mounted to increase visual data collection. 
Data Evaluation
Several parameters were measured in both sets of scenario experiments. The most important were the ranges and relative bearings, i.e., relative azimuth angles. In general, the range of the first detection and last detection for each target was recorded. These were direct relative measurements of the sensor in the local coordinate system, related to sensor position. Measurements from several iterations (up to 11) were collected for each scenario to obtain good statistical evaluations. The Student's t-distribution was assumed because of the small sample size. The results showed that in this particular case it was a reasonable approach. Based on this statistical analysis, the average (Equation (1)), standard deviation (Equation (2)), and standard error (Equation (3)) were calculated for each scenario.
̅ = ∑
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where:
x represents the measured value, x i represents measurement in i-th iteration, n represents the number of iterations (number of measurements), x is the mean value of x for n measurements, σ x is the standard deviation for n measurements of x, t n−1,α is the critical value in Student's t-distribution for n degrees of freedom and confidence, level α (68.3% in this study), and S x is the standard error of x (the standard deviation of the mean value).
Using this method, the minimum and maximum detection range can be obtained for various bearings, which provides an empirical field of view.
Results and Discussion
Stationary Scenario
In this scenario, measurements were performed individually for the five targets presented in Figure 5 . The object travelled along the moving lane; this target was observed on the screen and the detection data were recorded. The measurement numbers varied from four to six, depending on the detection observation and results achieved; the results are compiled in Table 2 . At least four in/out iterations were made for each artificial target. If the results were coherent, performing more measurements was pointless. The results achieved were very cohesive and as such, the number of observations performed was reduced. The data achieved were enough to determine if the particular object was well or poorly detected. The exemption to this rule were the swans, which are live animals and could not be steered. They approached the vehicle twice and moved away. Thus, two measurements for the minimum detection range and two for the maximum detection range were measured. Table 2 presents the minimum and maximum distances of detection along the moving lane. The mean values as well as standard deviations and standard errors are provided for the minimum detection and the maximum detection range. The fender was not detected at all and thus it is not included in the table. The swans were observed for a few minutes and during this time two measurement lines were chosen. The best detection results were achieved for the radar reflector, wherein the maximum distance was determined at the end of measurement line although the real maximum distance was larger. The measured minimum distance was the best for all the analyzed targets. Despite the complicated direct target observations on the screen and the target being mixed with others, the post-processing of data allowed the airtoy detection to be extracted and good data Downloaded from mostwiedzy.pl were obtained. The lifebuoy target visibility was very good and the target was easily distinguishable. The swans were visibly distorted but observable.
The results indicate that most objects were visible at a distance of approximately 13-17 m. The minimum distance was generally 3-4 m based on a geometrical distribution. In summary, this stage of research shows that the radar can detect even small targets for anti-collision. However, small floating targets, such as fenders and small buoys, are not detected.
Moving Platform Scenario
In this scenario, three cases were analyzed when head-on, crossing, and overtaking motion. During the experiment, the ASV moved with a stable course and speed, while the inflatable boat moved according to the desired trajectory. Both boats were simulating typical collision situations that could reasonably occur while the ASV was deployed to collect measurements. In each of the three parts, the target was approaching its own ship from various relative bearings. In Figure 8 , the situation is explained graphically, presenting the ranges of the relative bearing for each situation. It should be pointed out, that the terms head-on, corssing, and overtaking was slightly modified compared to the traditional understanding of IMO COLREG (Collision Regulations) requirements. For the purpose of this research, we proposed that head-on means the situation in which the target is approaching from the relative bearings in the range (−10 • ;10 • ); crossing means the situation in which the target is approaching from the relative bearings in the ranges (−90 • ; −8 • ) and (8 • ; 90 • ); and overtaking means the situation in which the target is approaching from the relative bearings in the ranges (80 • ; −80 • ).
As it can be seen in Figure 8 , the areas slightly overlap each other and the relative course of the object decides the type of movement. Such definition of the areas in the scenario ensures the analysis of the maximum detection range in the entire filed of view of the radar antenna. For head-on motion, the boats were moving toward each other from a large distance. The goal was to determine the maximum detection distance for such a boat. According to the declarative field of view, the head-on course should provide the maximum detection distance. The tracks analyzed in this scenario (after entering the field of view) are presented in Figure 9 . The own ship was located in the beginning of the coordinate system and the x-axis is oriented with a relative bearing of 0°. The relative tracks of the targets after entering the field of view are given. For head-on motion, the boats were moving toward each other from a large distance. The goal was to determine the maximum detection distance for such a boat. According to the declarative field of view, the head-on course should provide the maximum detection distance. The tracks analyzed in this scenario (after entering the field of view) are presented in Figure 9 . The own ship was located in the beginning of the coordinate system and the x-axis is oriented with a relative bearing of 0 • . The relative tracks of the targets after entering the field of view are given. The results for the head-on situation are compiled in Table 3 . Because of the good convergence of measurements, it was decided that five iterations were good enough in this situation. The results for the head-on situation are compiled in Table 3 . Because of the good convergence of measurements, it was decided that five iterations were good enough in this situation. As shown in Table 3 , the mean detection range for this type of boat is 169.04 m. This measurement was reproducible, such that according to the 3-sigma rule, the real detection range should vary from 168.5 to 169.5 m. This result generally confirms the declarative detection range for small cars onshore. The relative bearings confirmed the scenario assumptions (head-on situation) and the relative speed shows that the target approached at a nearly constant speed of 2.5 m/s.
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In the crossing and overtaking motion, the main goal was to find the angles at which the target appeared in the field of view and then left it. Eleven tracks were recorded for both the crossing and overtaking motion experiments. The relative tracks are presented in Figure 8 . The graphs show a plan view, in which the HydroDron is in the middle of the body frame coordinate system and the x-axis points toward the heading. The observed platform presented in Figure 6 (an inflatable boat) was moving according to the established patterns. The HydroDron was moving with a steady course and speed, while the target was maneuvering. As it can be seen in Figure 10a , the tracks were recorded in various distances, from a few meters up to 170 m (detection maximum for this type of target). In the case of overtaking movement (Figure 10b and thus only the incoming target was taken into account. Notably, the tracks were selected to verify the angles over various distances, both smaller and bigger. The measurement results for crossing the tracks are provided in Table 4 . As shown in Table 4 , the statistics for the crossing motion experiments are divided into the port side and the starboard side of the ASV (and radar). Additionally, the results are presented separately for the target coming into the field of view and then leaving it. The sample size was small due to the complexity of the study, so the T-distribution was used. In each case presented in Table 3 , the mean value is within (40°-45°), which can be treated as the typical angular restriction of the field of view. However, the maximum values are more than 50° and the distribution is more or less symmetrical. Furthermore, the standard deviation and standard error achieved in these experiments are relatively big because the crossing motion occurred at various ranges. Based on evaluation of the detailed data, we found that at larger ranges, the angular field of view was smaller and the crossing target entered the view later; for example, when the target appeared at 169.2 m, the angle was −12°.
The observations made in the crossing motion experiments were confirmed in the measurements for the overtaking situation, as shown in Table 5 . Seven measurements are presented, together with statistics based on the T-distribution assumption. In these experiments, only incoming targets were analyzed, and the absolute value of the bearing was calculated without dividing it into portside and starboard side. As shown in Table 4 , the statistics for the crossing motion experiments are divided into the port side and the starboard side of the ASV (and radar). Additionally, the results are presented separately for the target coming into the field of view and then leaving it. The sample size was small due to the complexity of the study, so the T-distribution was used. In each case presented in Table 3 , the mean value is within (40 • -45 • ), which can be treated as the typical angular restriction of the field of view. However, the maximum values are more than 50 • and the distribution is more or less symmetrical. Furthermore, the standard deviation and standard error achieved in these experiments are relatively big because the crossing motion occurred at various ranges. Based on evaluation of the detailed data, we found that at larger ranges, the angular field of view was smaller and the crossing target entered the view later; for example, when the target appeared at 169.2 m, the angle was −12 • .
The observations made in the crossing motion experiments were confirmed in the measurements for the overtaking situation, as shown in Table 5 . Seven measurements are presented, together with statistics based on the T-distribution assumption. In these experiments, only incoming targets were analyzed, and the absolute value of the bearing was calculated without dividing it into portside and starboard side. Downloaded from mostwiedzy.pl Overtaking usually occurs at relatively small distances, a situation that was reproduced in this research. This results in a better and more accurate mean value of nearly 50 • . In the first measurement, where the distance was more than 60 m, the bearing was smaller. Summarizing these observations, the angular field of view should be determined as a function of range; for small ranges it is nearly linear (approximately 45-50 • ), but for bigger ranges the field of view falls exponentially. To verify this hypothesis, the relative bearing graphs are presented in Figures 11 and 12 . Figure 11 presents the relationship between the range and relative bearings, wherein the minimum-and maximum-recorded bearings for each distance are plotted. The envelope for more than 40,000 measurements collected in the Moving Platform Scenario is presented. Overtaking usually occurs at relatively small distances, a situation that was reproduced in this research. This results in a better and more accurate mean value of nearly 50°. In the first measurement, where the distance was more than 60 m, the bearing was smaller. Summarizing these observations, the angular field of view should be determined as a function of range; for small ranges it is nearly linear (approximately 45-50°), but for bigger ranges the field of view falls exponentially. To verify this hypothesis, the relative bearing graphs are presented in Figures 11 and 12 . Figure 11 presents the relationship between the range and relative bearings, wherein the minimum-and maximumrecorded bearings for each distance are plotted. The envelope for more than 40 000 measurements collected in the Moving Platform Scenario is presented. As shown in Figure 11 , larger x-coordinates correspond to smaller bearings to detect the target. Although the maximum detection range is still approximately 170 m, the geometry of the sensor and experimental configuration suggests that targets at smaller distances will not be detected. For example, a target at a distance of 150 m at a relative bearing of 40° will not be detected by radar. This consideration leads directly to the detection area pattern presented in Figure 12 . The graph shows the measurement points positions in the Cartesian coordinate body system. The vertical axis indicates the direction of ASV movement with an envelope of detectable targets. The field of view appears as a quarter circle with a radius of almost 170 m. Up to approximately 120 m, the angular width of the field of view is almost identical (90-100°) ; at further distances, the effective width is smaller. Notably, no lobes are observed, which could be expected, based on the declarative beam pattern. The envelope As shown in Figure 11 , larger x-coordinates correspond to smaller bearings to detect the target. Although the maximum detection range is still approximately 170 m, the geometry of the sensor and experimental configuration suggests that targets at smaller distances will not be detected. For example, a target at a distance of 150 m at a relative bearing of 40 • will not be detected by radar. This consideration leads directly to the detection area pattern presented in Figure 12 ASV movement with an envelope of detectable targets. The field of view appears as a quarter circle with a radius of almost 170 m. Up to approximately 120 m, the angular width of the field of view is almost identical (90-100 • ); at further distances, the effective width is smaller. Notably, no lobes are observed, which could be expected, based on the declarative beam pattern. The envelope presented in the graph is generally a smooth line that was created based on the minimum and maximum range values for each bearing with a resolution of 1 • . A comparison with the measurement points indicates that this envelope is rather optimistic and the effective field of view is narrower. Some disturbances to the envelope can be observed at distances of about 100 m (x-axis), which are larger on the starboard side, where the graphed line is less smooth. One reason for this might be the mounting on the boat left of the echosounder pole. This hypothesis should be verified in the future. 
Conclusions
The research in this study provides an empirical analysis of surface target detection in a water environment with automotive radar, which can be used for the future development of tracking and anti-collision systems for ASVs. The research focused on identifying the detection ranges and field of view for various targets. Typical objects that could be met in the water environment were analyzed, including a boat and floating objects.
The overarching goal of the research was to verify a novel approach for object detection in a water environment. The novelty was based on using radar sensor for this approach, which is usually implemented in cars for road situations. This approach may in the future overcome the disadvantages of other systems used for anti-collision in ASV, namely laser rangefinders, lidars, and cameras. The proposed system was verified in real conditions with the online recordings.
The research showed that the system was capable of detecting many small targets but some objects, such as a fender, were not detected. Therefore, detection depends both on the size of the target and the material. In general, objects that are air inflated, such as fenders or airtoys, show worse detectability than solid targets, such as lifebuoys. Detection can be significantly improved using a radar reflector, however these reflectors are not usually deployed in practice. In general it can be said that the maximum detection range of small targets is about 15 m, while in very short distance (less than 3 m in research configuration) they are in the shadow due to antenna mounting. It can be assumed that 15 m is a reasonable distance to perform hard anti-collision maneuvers (like full stop) for such a small target with good maneuverability, however this judgment has to be verified in future 
The research showed that the system was capable of detecting many small targets but some objects, such as a fender, were not detected. Therefore, detection depends both on the size of the target and the material. In general, objects that are air inflated, such as fenders or airtoys, show worse detectability than solid targets, such as lifebuoys. Detection can be significantly improved using a radar Downloaded from mostwiedzy.pl reflector, however these reflectors are not usually deployed in practice. In general it can be said that the maximum detection range of small targets is about 15 m, while in very short distance (less than 3 m in research configuration) they are in the shadow due to antenna mounting. It can be assumed that 15 m is a reasonable distance to perform hard anti-collision maneuvers (like full stop) for such a small target with good maneuverability, however this judgment has to be verified in future research.
The second part of the study was conducted using an inflatable boat as the model object in motion. A complex analysis of the field of view for this target was performed, including the radial distances at different angles for various movement parameters. In general, the empirical research confirmed the product limitations and performance declared by the producers, under the assumption that an inflatable boat could be treated as a small car based on their size similarities. The maximum detecting range, confirmed with statistical post-processing, was about 170 m, while the field of view was about 100 • (50 • for each side). These values seem to be reasonable for planning anti-collision maneuvers with moving targets.
In summary, for larger targets that represent the greatest risk, the radar system provides good detection for anti-collision purposes. For smaller targets, the detection ranges are smaller, although for most targets, it would be small enough for the ASV to maneuver around. Additionally, some small targets were not detected. Generally, the automotive radar system may be a good basis for an ASV anti-collision system; however it should be supplemented with the integration of additional sensors, such as laser rangefinders. In the future, the detection stability and additional small targets should be investigated. It would be also interesting to see how this kind of radar would react in a sea environment. ASVs used at sea might be also a possible target of implementation.
